The distributions of within-person variances in the concentrations of 10 commonly assayed serum constituents have been derived from data on 37 healthy male subjects studied at weekly intervals over a period of five months. All 10 distributions appear to be of log-normal form. The relevance of the findings to the interpretation of differences between serial measurements in a given individual is discussed. Examples are given to show how the information on within-person variances for a particular analyte, organised into a simple graph, may be used to test medical opinions on threshold values for serial changes in the concentration of this analyte in a given individual. In this way, biological variability as well as analytical error may be taken into account quantitatively when assessing the significance of a difference between two serial measurements.
Studies of temporal variations in the concentrations of blood constituents in healthy subjects have focused primarily on estimates of average withinperson variation and on the variability of individual mean values in a defined population. This approach ignores possible differences among individuals in the amount of within-person variation in the concentration of an analyte over a fixed time span (see Harris, 1970; Werner et al., 1970; Winkel et al., 1975, for data and discussion concerning the variability of within-person variation). Data gathered by Pickup et al. (1977) provide an unusual opportunity of estimating within-person standard deviations and their frequency distributions for the serum concentrations of IO common analytes. Such results are likely to be useful in assessing the probable clinical significance of an observed change between two successive measurements on an individual. In the survey by Skendzel (1978) , physicians were asked to specify the least amount of change between serial measurements of certain analytes which they would deem important in a given patient, for example, serum uric acid, calcium, triglycerides, and cholesterol concentrations in an individual undergoing routine physical examination on two successive occasions. The discussion of the present findings will illustrate how medical opinions on threshold values of such serial changes may be tested by reference to the appropriate distribution of within-person standard deviations.
Data base and results
The relevant study (Pickup et al., 1977) included 37 healthy men, age range 23-57 years, each of whom contributed 19, 20, or 21 weekly blood specimens (mean 20'2) during a five-month period. Details of the specimen collection and processing procedures and the methodologies for 10 analytes in serum were described by Pickup et al. (1977) . Long-term analytic variation was eliminated by storing the serum specimens at -20°C and then analysing them all together in a single run on a Vickers M-300 multichannel analyser. Analytic variance within the run was monitored in a conventional manner.
The data base comprised approximately 7400 assay results. These are summarised in Table 1 , which lists the 37 observed, within-person, standard deviations (Sl) for each analyte and the corresponding means, standard deviations, and coefficients of variation of sc. In calculating the values of si, the effects of storage-induced trends (all down-169 Crt:atininr (11"",111) Total bilirubin (llmolll) Alkali,lr' Calcium P"osplw.lasr (mmoll 
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0·317 0·0696 n·o% ward) on the concentrations of creatmme, total bilirubin, calcium, total protein, and albumin for certain subjects (Pickup et al., 1977) were eliminated. Assuming that the results of weekly measurements of a given serum analyte for the ith individual over the five-month study period were statistically independent and of Gaussian distribution, with 'true' mean (or homeostatic setpoint) III and 'true' standard deviation af, then, under the (null) hypothesis that the observed standard deviations (5;) were estimates of the same true value (ie, that a, = a for all of the subjects), the expected coefficient of variation (CY) of Sf based on n observations per subject would be l00%/(2n)l/2. For n = 20--the mean number of measurements for each analyte and subject in this study-the expected CY is 16 /~. Independence of weekly measurements was supported by the small serial correlations usually found between successive observations (see Table 3 and discussion, below). Comparing the observed CYs in Table I with the criterion of 16 %, it is seen that variability in values of a; appears to be especially high for total bilirubin but also well marked for alkaline phosphatase, creatinine, urea, and total protein. Heterogeneity probably exists for the other five analytes as well, but to a lesser extent. (The standard error of an observed CY of 05; is approximately equal to 100%/ 2y2 (n)3/2 (Kendall, 1952, p. 209) assuming that for moderate values of n, Sf is of approximately Gaussian distribution. For n = 20, this standard error is 0-4 %. While this figure is an underestimate, even the smallest CY in Table 1 example, the estimated cumulative distribution of a; for alkaline phosphatase is shown in Figure 2 . Naturally, this graph is steeper-reflecting a smaller SD-than the distribution of observed values of .1'; shown in Figure lb .
plotted in order of size on log-probability paper. Findings for four analytes-total bilirubin, alkaline phosphatase, calcium, and inorganic phosphateare shown in Figs 1a-d respectively, and these typify the results for all 10 analytes. Each figure also includes a smooth curve representing the distribution of sc that would have been expected if all true within-person variances (0';2) were constant and equal to the mean value of S;2 that was actually found. Thus a log-normal distribution seems adequate to describe the distribution of observed, within-person, standard deviations for each analyte. As discussed fully by Harris (I970), a Jog-normal distribution of the observed variances, Si 2, implies that the underlying true variances 0';2 also have a log-normal distribution with estimated mean and variance given by the following expressions: estimated mean of 0';2 = mean Si 2;
where n may be taken as the mean number of independent measurements of the analyte for each subject. These estimates are listed in Table 2 
. _ --. _ - Table 2 Estimated mean and standard deviation ot"true within-person variances, 0'/2, for each analyte .
From these statistics, and the standard formulae for converting the mean and variance of a variable with log-normal distribution to the mean and variance of its logarithm, cumulative distributions of 0"/2 (and hence of 0'/) were prepared with the aid of standard tables of the Gaussian distribution. As an 106 :,7·6
Assuming that heterogeneity of within-person variation existed for all IO analytes, it was of interest to discover whether subjects tended to show consistently high or low variabilities for different analytes. The simplest way of examining this possibility was to rank the subjects in order of magnitude of their observed standard deviations (smallest, rank I; largest, rank 37) for each analyte separately, then to sum each subject's ranking across analytes, A subject with consistently low standard deviations would produce an unusually low rank sum, and the converse would also be true. The statistical test used here (described in the Appendix) is a well-known non parametric technique using the 'coefficient of concordance' (Kendall, 1952, p. 411) , which compares the observed variability in rank sums with that expected by chance alone. The results of ranking in the way described showed highly significant variability (p <0'001), indicating consistent differences among the 37 subjects with respect to their variabilities over five months in the concentrations of the 10 analytes. Two individuals ( findings for these three subjects were omitted and and the remainder were re-ranked and tested again, the result was still marginally significant (p~0,05), indicating that consistent differences in variance were not confined to a few subjects but were more general.
Apart from general biological interest, individual differences in the within-person standard deviations have a bearing on the appropriateness of any population-based criterion for judging the importance of an observed biochemical change in an apparently healthy individual, A common criterion, for example, is that of a general consensus of medical opinion based on experience with many similar patients. One way of testing the appropriateness of any threshold difference between two serial measurements is to assess the probability that this difference could occur by chance alone. More precisely, we consider the probability that the specified difference in a randomly selected individual would be equal to, or exceeded by, no more than, say, 5 % of all such differences in the population from which the individual was drawn. As the threshold difference is allowed to increase, this probability will also increase; that is, a larger difference will appear statistically significant (be equal to, or exceeded by, no more than 5 % of all such differences) in a greater proportion of individuals. Estimating this probability requires the assumption of a statistical model to describe the general pattern of variation, over time, within the members of the population. We have assumed a first-order autoregressive model (Box and Jenkins, 1970, p, 56; Harris, 1976) for this purpose, but before introducing this (or any other plausible statistical model) we must distinguish between the actual concentration of the analyte at time t in the jth subject (mti) and the measured or observed concentration (Xt,;) . The difference between the two represents methodological deviation (or analytical 'error'), denoted by at, so that:
(3) eu and at, are assumed to have zero mean values over time and to have variances a.(2 and ao. 2, respectively. Then, using equations (2) and (3), it may be shown (Harris, 1976 ) that, for the specified analyte in the ith individual:
Since our concern here is with the probability of the chance occurrence of a given change between two successive observations, equation (5) is the critical relationship. A key element in this equation is the serial correlation coefficient pi. In most practical cases of sequential measurements of blood chemistries, individual correlation coefficients cannot be estimated because each observed series is too short, consisting of no more than two or three measurements. In the present study, with 20 weekly specimens for each subject, individual correlations could be estimated. The median and range of estimated values of Pi are listed for each analyte in Table 3 .
Median values were all close to zero. Most of the high positive correlations, including all the extreme where Ili denotes the individual's 'true' mean; pi, the correlation between successive concentrations; and eu, a random disturbance reflecting transient physiological changes. Both physiological and methodological deviations, positive results in Table 3 except for calcium and potassium, were associated with significant linear trends in concentration, many of which represented storage-induced effects. Adjusting for such trends, by calculating the correlation between successive residual values, reduced the largest positive correlations to those values given in parentheses in Table 3 . Negative correlations were not associated with significant trends, and, if large, indicate that successive measurements of the analyte tend to oscillate above and below the individual's true mean. An estimate of pj based on 20 observations will have a standard deviation of approximately 1/(20)1/2, that is, ± 0'22, assuming the true value to be zero (Box and Jenkins, 1970, p. 35) . This leads to an expected 95 % interval of about ± 0'44, which is in general agreement with the ranges given in Table 3 after adjusting for trends. We conclude from these data, therefore, that successive weekly measurements of these analytes in healthy men may be considered to be statistically independent. Applying the autoregressive model with pj = 0, and assuming as before that within-person deviations from the true mean have a Gaussian distribution, the probability of a specified amount of change between two measurements XH and X2j can be deduced by expressing the change in standard deviation units, that is, (X2j -xH)/SD (X21 -XH), which, from equation (5) is equal to (xu --XH)/ aj ,,'2, where aj denotes the true standard deviation of measurements of the analyte in question for the ith individual over some appropriate time period (weeks or months in this study). Consider a specific value, say D, for the absolute difference Ixu -xHI. Differences equal to or greater than D will occur by chance no more than 5 % of the time in the ith individual wh~his standard deviation aj is less than D/(I·96h12 = D/2'77 (or aj2 < D2/7·68). Taking a log-normal distribution for aj2, with mean and standard deviation given by the estimates in Table 2 , the probability of finding an individual whose ot value is less than D/2'77 may be calculated from standard tables of the Gaussian distribution. Figures 3a-c illustrate the results for changes in the concentration of bilirubin, in the activity of alkaline phosphatase, and in the concentration of calcium over a range of values of D.
For bilirubin, a 10-fold range of possible choices for a 'critical' change between two successive observations in a healthy man has been examined: from 3 to 30 urnol/litre. The plot of Fig. 3a indicates, for example, that if a difference in bilirubin concentration of 5 umol/l is selected as a critical change between two observations, then in only about 18 %of healthy men would such a difference be statistically 'significant', that is, be expected by chance no more than 5 %of the time; in other words, in over 80 %of these subjects, a change of 5 IImol/1could well be due to random variation alone. A difference of 10 IImol/1 would be a 'significant' change (less than 5 % probability due to chance) in 76 % of healthy males, Fig. 3(a-c) Plots of the estimated proportions of healthy men in whom specified changes in observed concentration between two successive measurements would be statistically significant at the p = 0'05 level,for three selected analytes.
while a difference of 20~moljJ would be significant in 99%of healthy men. By way of comparison, it may be noted that the mean concentration of total bilirubin observed in this study (Pickup et al., 1977) was 11·3 urnol/l, 95 % of the observations falling in the range 4'32-24,2~moljJ (log-normal distribution). With alkaline phosphatase, for which the relative heterogeneity of within-person variation is much less, a change of 2 K-A unitsjdl would be statistically significant (at the 0·05 probability level) in an estimated 80% of the adult men, whereas a change of 4 K-A unitsjdl would be significant in practically all of them. For calcium, where heterogeneity in at values is even smaller, a change between two successive observations of 0·15 mmoljl would be significant in almost all the subjects.
It must be recalled, however, that the aj values on which these graphs are based specifically exclude long-term analytical variations. The inclusion of analytical variation would not affect the amount of heterogeneity, since this reflects variability in intrapersonal (ie, biological) variance, but it would raise the average amount of variance. The effect would be to reduce the CV of within-person variation and thus shorten the effective range of D values over which probability curves in Figs 3a-c are applicable. The key parameter is the ratio of long-term analytical variance (aa 2 ) to the average (or 'expected') value of within-person variance, ie, aa 2 j E a j 2 ( = say, k). For example, the mean value of Si for calcium was found in this study to be 1·6 % of the observed mean calcium concentration over all subjects (2'39 mmoljl). Now, long-term analytical variation for this analyte isalso about 2 % of the normal mean value, although this will vary, of course, from one method to another and from one laboratory to another. Suppose, therefore, that for calcium k is set equal to unity, reducing the CV of within-person variation (ie (Var ai 2 )l J2 j E a j 2 ) by half. Then recomputing the probabilities graphed in Fig. 3c , the curve is found to become very steep for values of D between 0·14 and 0'11 mmoljl. That is, a change of 0'14 mmoljl or less in serum calcium concentration would be significant in only a very small proportion of the subjects, while a change of 0'17 or more would be significant in almost all subjects. Interestingly, 38 % of the physicians who participated in the survey by Skendzel (1978) did not consider a serial change in calcium to be clinically important in an apparently normal outpatient unless it exceeded 0·20 mmol{l, while 42 % would investigate a change as small as 0'10 mmoljl.
Probability curves such as those illustrated here may easily be recomputed for any specified amount of long-term analytical variance, that is, any value of k. For certain analytes, changes in one direction only (cg, increases) may be considered important. In these cases, the normal deviate value of 1·96 should be replaced by 1,65, that is the criterion for aj should be D / (I·65ly'2 = D {2·33.
Conclusions
Differences among within-person variances in the concentrations of blood constituents of healthy persons measured over time are further evidence of the human individuality which influences all clinical measurements. The findings of the present study indicate that such variances follow log-normal probability distributions, at least for 10 common serum analytes. In this paper we have considered the effects of a log-normal distribution of within-person standard deviations (or variances) on the statistical significance of observed changes in analyte concentrations in a group of healthy men.
In assessing the importance of a change between two successive measurements of an analyte, variance heterogeneity can be a critical factor since a given amount of change may be statistically, and, clinically, significant in a subject whose usual biological variability for that analyte is relatively small, but not important in one with large random variation. With only two measurements, no prior information exists on the subject's biological variability to guide a medical decision as to the importance of the observed difference. In this case, a non-intuitive judgement must fall back on population-based data which give the average size and distribution of within-person variation for the analyte concerned, including both biological and long-term-or, possibly, batch-to-batch (Flynn, et al., 1976 )-ana-Iytical variation. To extend the limited data base presently available, groups of individuals from different reference populations would need to be examined periodically for various analytes. If the resulting data were organised into graphs like Figs 3a-c, the decision-maker could estimate the proportion of individuals in whom a specified change is not likely to occur by chance alone, that is, the proportion in whom the change probably represents a real shift in mean value for the analyte in question. Unless this proportion is fairly high, perhaps 60 % or more, the conservative physician would refrain from clinical action in a particular case until additional information was obtained. For example, a third measurement in the same direction would imply a trend, that is, a greater difference between first and third values than between first and second. For this greater difference the graph would show a higher-perhaps much higher-proportion of individuals in whom the difference is probably not due to normal biological variation, thus indicating the possible need for medical intervention. In the event that the trend does not begin until at least a few sequential measurements have already been obtained, then the subject provides his own control, and reliance on population statistics becomes unnecessary (Harris, 1976) .
It can be conjectured that factors that influence within-person variances include fluid intake and diet and physical or psychological stress. An individual whose behavioural pattern is very stable, or very erratic, would be expected to display small, or large, within-person variances respectively. However, the extent to which the foregoing factors, and the present findings, are relevant to hospital patients is a matter of speculation. It is evident, on the one hand, that many medical or surgical conditions must increase within-person variances for some analytes. On the other hand, it would be of great interest, and of potential practical value, to determine the extent to which certain variances were stable, in spite of medical or surgical trauma.
